Compactin, a potent inhibitor of polyisoprenoid biosynthesis, induces abnormal gastrulation during sea urchin development at concentrations that have no effect on earlier embryonic development or on macromolecular synthesis. Gastrulation is perhaps the most dramatic morphological change that occurs during embryonic development. In the sea urchin the morphology of gastrulation has been examined extensively, and it is clear that interactions between the secondary mesenchymal cells and the ectodermal cells at the animal pole of the embryo play a key role in directing formation of the archenteron, or primitive gut (1).
Gastrulation is perhaps the most dramatic morphological change that occurs during embryonic development. In the sea urchin the morphology of gastrulation has been examined extensively, and it is clear that interactions between the secondary mesenchymal cells and the ectodermal cells at the animal pole of the embryo play a key role in directing formation of the archenteron, or primitive gut (1) .
Earlier studies in this laboratory have shown that just prior to gastrulation, at the mesenchymal blastula stage of development, the rate of synthesis of proteoglycans and of N-glycosidically linked glycoproteins begins to increase (2) . This increase is maintained until completion of gastrulation. The synthesis of the oligosaccharide chain of N-glycosidically linked glycoproteins in two echinoids, Arbacia punctulata (3) and Strongylocentrotus purpuratus (2) , is mediated via the dolichollinked saccharide pathway. Moreover, embryonic development in both species is unaffected by the presence of tunicamycin, an inhibitor of one of the early intermediates involved in ohgosaccharide-pyrophosphoryldolichol synthesis, until the mesenchyme blastula stage. At this point development is completely arrested and gastrulation does not ensue.
Based on these findings one would predict that if, indeed, synthesis of N-glycosidically linked glycoproteins is essential for gastrulation, a deficiency in dolichol should also impair development. To investigate this possibility we have treated S. purpuratus embryos with compactin, a competitive inhibitor of hydroxymethylglutaryl-coenzyme A (HMG-CoA) reductase (4) . As shown below, the product of this enzyme, mevalonic
The publication costs of this article were defrayed in part by page charge payment. This article.must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact. 5709 acid, is a precursor not only of cholesterol and coenzyme Q, but of dolichol as well (5 Culturing of Embryos. Animals were maintained and embryos were cultured as described (2) . Compactin was added from a 1 mg/ml solution in 10 mM Tris-HCl (pH 8.0) to embryos 4-5 hr after fertilization. The culture medium was supplemented with lipids added in 5-10 Al of 95% ethanol. Embryonic development was monitored with a phase-contrast microscope and photographed with Kodak FX-135 film.
Radiolabeling of Embryos. Aliquots (1-5 ml) of 1% (vol/vol) embryo suspensions (104 embryos per ml; 0.5 mg of cellular protein per ml) were incubated for 1 hr with tritiated L-amino acids (2 ,gCi/ml), [5-3H] (2 ,qCi/ml) was added to embryos 6 hr after fertilization, and samples were taken for lipid extractions at various times.
Sonicated embryo suspensions were incubated in the presence of 10% (wt/vol) trichloroacetic acid for 30 min on ice. The precipitates were collected by centrifugation at 20,000 X g and washed twice with 5 ml of 10% (wt/vol) trichloroacetic acid and once with 5 ml of ether. The pellets were resuspended in 1 ml of distilled water prior to liquid scintillation counting.
Lipid Extractions. Acetate-labeled embryos were saponified as described (7) . To determine the proportion of fatty alcohols and cholesterol in the nonsaponifiable lipid fraction, we further separated these extracts by thin-layer chromatography on silica gel 60 developed with petroleum ether/ethyl ether/acetic acid, 80:20:1 (vol/vol), against authentic standards. Spots were visualized with iodine vapor and scraped from the plate; radioactivity was then measured. Cholesterol was also identified by digitonin precipitation (8) . Routinely, cholesterol plus fatty alcohols accounted for 95-100% of the radioactivity in the nonsaponifiable lipid fraction.
To obtain dolichol-linked monosaccharides and oligosaccharides, we sequentially extracted and characterized samples as described (9) . The identity of oligosaccharide-lipid was verified by chromatography (9) .
Lipid Supplementation. Cholesterol (10 mg/ml), coenzyme Qjo (5 mg/ml), and dolichol (10 mg/ml) were stored at -20'C under nitrogen in cholorform. For supplementation experiments, aliquots of these solutions were placed in flasks and the solvent was evaporated under nitrogen. To redissolve the residue, we added 0.25 ml of 95% (vol/vol) ethanol to the flask. After the lipids were in solution, portions (40-200 ml) of the embryo suspension (6-7 hr after fertilization) were placed in the flask and this suspension was incubated as described above.
Other Procedures. Mild alkaline hydrolysis ((3-elimination) was performed by incubation of glycoprotein-containing samples in the presence of 0.1 M NaOH at 370C for 48 hr. followed by neutralization with HCl. Acid hydrolysis of dolichol-linked oligosaccharides was performed as described (9) . Pronase digestion and Sephadex G-50 chromatography was performed as described (2) . Protein content of samples was estimated by the procedure of Lowry et al. (10) .
RESULTS
Effects of Compactin on Embryonic Development. Fertilized eggs of S. purpuratus develop synchronously over a 72-hr period, progressing successively through the morula, blastula, gastrula, prism, and pluteus stages. Embryos that are cultured in the presence of compactin develop normally from fertilized eggs through the mesenchyme blastula stage. However, the gastrulation process is severely affected by the presence of compactin ( Fig. 1) . Most presence of compactin little or no synthesis of cholesterol occurred at any stage of development. Compactin had no effect on the synthesis of acetate-labeled fatty acids or fatty alcohols at time points prior to the developmental arrest caused by compactin (data not shown). Effects on Macromolecular Synthesis. To investigate the possibility that compactin, in addition to inhibiting polyisoprenoid biosynthesis, might have a more generalized inhibitory effect on DNA, RNA, or protein synthesis, we pulse-labeled embryos at various developmental stages with the appropriate isotope and determined the incorporation into trichloroacetic acid-precipitable material. The results of these studies (Fig. 4) indicate that compactin does not inhibit the overall synthesis of DNA, RNA, or protein throughout development.
Supplementation with Isoprenoid-Derived Lipids. If the developmental defect caused by compactin is solely due to its action in inhibiting synthesis of isoprenoid-derived lipids, it seemed possible that supplementation of the culture medium of compactin-treated embryos with various polyisoprenoids might prevent the defect in gastrulation. added to compactin-treated embryos 5-6 hr after fertilization. Supplementation with the mixture of the three isoprenoidderived compounds largely (75-89%) prevented the compactin-induced aberration in gastrulation (Table 1) minoglycans and 0-linked glycoproteins. To measure the effect of compactin or compactin plus dolichol on the synthesis of N-linked glycoproteins specifically, we used the following protocol. Mannose-labeled embryos were first extracted as described above to remove glycolipids and the residue was treated with 0.1 M NaOH to release 0-linked oligosaccharide chains from proteins (12) . The samples were then boiled in 10% (wt/vol) trichloroacetic acid for 15 min to hydrolyze any residual dolichol-linked oligosaccharides (5). The precipitate, containing N-linked glycoproteins and some glycosaminoglycans, was digested with Pronase. The N-linked glycopeptides were then separated from glycosaminoglycans by Sephadex G-50 chromatography (2). The results (Table 2) indicate that synthesis of the mannose-containing glycopeptides derived from N-linked glycoproteins is substantially depressed (56%) in compactin-treated embryos, in agreement with the results on synthesis of mannosyl-and oligosaccharide-lipids. Furthermore, this inhibition in N-linked glycoprotein synthesis is abolished when the embryos are cultured in the presence of compactin and dolichol; in fact, there is an actual enhancement (177%) in synthesis when dolichol is added to the culture medium. DISCUSSION With respect to organic nutrients, the sea urchin zygote is a "closed" system (13) . The zygote contains, or can synthesize, all the molecular components necessary for the complex series of morphogenetic events that lead to formation of the pluteus, which is the first embryonic stage in which external organic food consumption is required. It is believed that the yolk platelets provide the organic components or precursors that are utilized in the many cell divisions and cell-cell recognition events that occur during blastulation, gastrulation, and subsequent steps in morphogenesis (14) . However, the nature of the cell surface factors that influence this developmental progression remain poorly understood.
We have begun to investigate the possible role of cell surface glycoproteins in the cell-cell recognition events that must be involved in gastrulation (2) . In the current study we have investigated the possible consequences of a block in synthesis of isoprenoid-derived compounds such as cholesterol, coenzyme Q, and dolichol on embryonic development. Initially we found that compactin, a potent inhibitor of mevalonic acid biosynthesis, had no effect on cell division and formation of the mesenchyme blastula, but had a pronounced effect on gastrulation. Few embryos underwent normal gastrulation; instead, the embryos either arrested or, more commonly, produced evaginated guts.
To investigate the possibility of a direct correlation between compactin-induced inhibition of isoprenoid biosynthesis ind defective gastrulation, we measured the synthesis Ofiso'pr9'ehnoid-derived compounds from [14C]acetate as a function of the concentration of compactin in the culture medium. The results of this study indicated that the major, labeled, nonsaponifiable product was cholesterol and that the extent of inhibition of its synthesis paralleled the decrease in the percentage of embryos that underwent normal gastrulation. Several observations indicate that this inhibition is not merely the result of a general inhibitory effect of compactin on anabolic processes in the sea urchin embryo. First, continuous acetate labeling experiments during development in the presence or absence of compactin indicate that, although cholesterol synthesis is virtually totally inhibited, synthesis of fatty acids and fatty alcohols is unaffected by the presence of compactin until after abnormal development ensues (data not shown). Second, the finding that cerulenin, a potent inhibitor of fatty acid (15) and isoprenoid (16) biosynthesis, inhibits development at all developmental stages (unpublished observations) argues that the effect of compactin is not simply due to a generalized inhibition of lipid synthesis. Finally, labeling experiments to assess DNA, RNA, and protein synthesis indicate that compactin does not inhibit these processes.
Although the major polyisoprenoid product derived from '4C]acetate was cholesterol, we sought to determine if the developmental defect might be the result of inadequate amounts of not only cholesterol, but also two other polyisoprenoids, coenzyme Q and dolichol. Accordingly, supplementation experiments were carried out in which the culture medium containing compactin was supplemented with a combination of cholesterol, coenzyme Q, and dolichol. The results of these experiments clearly indicated that the developmental defect was not obviated by supplementation of the medium with cholesterol, coenzyme Q, or a combination of these two compounds. In contrast, supplementation with dolichol alone corrected the defect in the majority of the embryos. Thus, in the presence of exogenous dolichol, up to 87% of the embryos cultured in the presence of compactin gastrulated normally when compared with control embryos cultured in the absence of compactin. Similar results were obtained with dolichol phosphate. These dolichol supplementation results, coupled with the cholesterol labeling experiments, suggest that, although the control embryos clearly are capable of synthesizing cholesterol, de novo synthesis is not required for normal gastrulation.
Two lines of evidence indicate that a portion of the added dolichol was utilized in a manner consistent with its role as a carrier in saccharide-lipid-mediated glycoprotein synthesis.
First, a small fraction of exogenous [3H]dolichol was converted by the embryos to a compound with the chromatographic properties of oligosaccharide-pyrophosphoryldolichol. Second, studies on the effect of incorporation of labeled mannose into mannosylphosphoryldolichol, mannose-labeled oligosaccharide-pyrophosphoryldolichol, and N-linked glycoproteins (measured in the form of glycopeptides) revealed that embryos cultured in the presence of compactin were markedly impaired in synthesis of these three classes of compounds. Moreover, when the compactin-containing medium was supplemented with dolichol, the level of these three classes of compounds was restored to, or even elevated above, control levels. These results indicate that the availability of dolichol derivatives may be an important regulatory factor in the synthesis of N-linked glycoproteins that occurs (2, 3) during embryonic development.
The initial step in the overall process of gastrulation is the production of an invagination at the vegetal plate of embryos directed towards the blastocoel (1). Little is known about the factors that determine this process per se, let alone the directionality of it. The current results provide strong support for the earlier studies (2, 3) with tunicamycin that implicated the participation of N-linked glycoproteins in gastrulation. However, in those studies it was clear that gastrulation was completely blocked by tunicamycin; no invagination occurred. In the present studies with compactin, in many of the embryos the "invagination" event was not blocked. Rather, the directionality of this process was altered so that exogastrulation occurred. It may be that the different morphological effects of tunicamycin and compactin treatment are due to differences in the extent of blockage in N-linked glycoprotein synthesis. Tunicamycin, which completely blocks synthesis of oligosaccharide-lipid, prevents.the onset of invagination. Compactin, which should impair de novo synthesis of dolichol but would not be expected to affect endogenous stores of this compound, does not seem to block the cell reorientations that must occur during the first phase of gastrulation; rather, it appears to alter the directionality of them.
